With a direct link to cancer, aging, and heritable diseases as well as a critical role in cancer treatment, the importance of DNA damage is well-established. The intense interest in DNA damage in applications ranging from epidemiology to drug development drives an urgent need for robust, high throughput, and inexpensive tools for objective, quantitative DNA damage analysis. We have developed a simple method for high throughput DNA damage measurements that provides information on multiple lesions and pathways. Our method utilizes single cells captured by gravity into a microwell array with DNA damage revealed morphologically by gel electrophoresis. Spatial encoding enables simultaneous assays of multiple experimental conditions performed in parallel with fully automated analysis. This method also enables novel functionalities, including multiplexed labeling for parallel single cell assays, as well as DNA damage measurement in cell aggregates. We have also developed 24-and 96-well versions, which are applicable to high throughput screening. Using this platform, we have quantified DNA repair capacities of individuals with different genetic backgrounds, and compared the efficacy of potential cancer chemotherapeutics as inhibitors of a critical DNA repair enzyme, human AP endonuclease. This platform enables high throughput assessment of multiple DNA repair pathways and subpathways in parallel, thus enabling new strategies for drug discovery, genotoxicity testing, and environmental health.
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base excision repair | comet assay | DNA repair D NA damage is a critical risk factor for cancer, aging, and heritable diseases (1) (2) (3) , and it is the underlying basis for most frontline cancer therapies (4) . Increased knowledge about DNA damage and repair would facilitate disease prevention, identification of individuals at increased risk of cancer, discovery of novel therapeutics, and better drug safety testing. Despite their obvious translational impact, most DNA damage assays have not changed significantly in more than two decades, and thus are not compatible with modern high throughput screening technologies. To better assess the biological impact of damage, we need data that reflect the integrated effect of multiple DNA repair pathways and subpathways, in response to a range of DNA lesions, measured in an accurate and high throughput fashion.
The single cell gel electrophoresis or "comet" assay is based on the principle that relaxed loops (induced by single strand breaks) and DNA fragments migrate farther in an agarose gel than undamaged DNA (5) (6) (7) (8) . The alkali comet assay sensitively detects a range of DNA lesions, including strand breaks (single and double), as well as alkali sensitive sites. Although most base lesions are not directly detected, base adducts can be detected when converted to abasic sites or single strand breaks with the addition of purified DNA repair enzymes (7) (8) (9) (10) (11) . The comet assay has been used in a variety of applications, including genotoxicity testing, human biomonitoring and epidemiology, environmental health, and basic research on DNA damage and repair (7, 8, (12) (13) (14) (15) (16) (17) (18) (19) . Compared with other DNA damage assays (20) (21) (22) , the comet assay is relatively inexpensive, is very sensitive, and can assess the integrated cellular response to many kinds of DNA lesions simultaneously (7, 8, 19) .
Wider acceptance of the comet assay has been limited, however, by low throughput; poor reproducibility between slides, users, and laboratories; and image processing and analysis methods that are laborious, time-consuming, and potentially biased. The need for improvement is widely recognized, and previous approaches include reducing space requirements for electrophoresis (CometAssay 96, Trevigen), using a multiwell format for treating samples (23) , incorporating internal controls (24, 25) , or improving imaging (26) . These methods address individual issues, but do not provide a comprehensive solution for DNA damage analysis.
Here we present a high throughput platform for DNA damage analysis with the sensitivity and versatility of the comet assay. We spatially register cells by capturing them into a microwell array patterned directly into agarose (Fig. 1 ). This passive patterning method requires only gravity to capture cells and introduces minimal external stress. Array registration allows multiple experimental conditions to be spatially encoded on a single slide. Additionally, the microwells provide a unique method for assessing DNA damage in collections of cells or cell aggregates. The arrays also facilitate fully automated imaging and analysis, requiring no user input or special equipment.
To facilitate the high throughput analysis of drugs, patient samples, or other experimental conditions, we have also developed 24-and 96-well implementations of the microwell array, which can be integrated with standard high throughput screening (HTS) techniques. We have validated this platform in two key applications. By incorporating multiple cell types and multiple DNA repair time points on a single plate, we directly compare DNA repair kinetics between human lymphocytes from individuals with different genetic backgrounds. We also demonstrate how this assay could be used in the context of drug screening by comparing the performance of potential inhibitors of base excision repair (BER).
Results
Micropatterned Cell Arrays. The traditional comet assay uses cells randomly dispersed in agarose. Random cell placement leads to several problems, including difficulty in locating cells automatically and large numbers of unanalyzable cells due to overlap. Spatial registration of cells in a defined array obviates these problems and allows spatial encoding of multiple experimental conditions on the same slide, and cell spacing can be tuned to maximize the number of conditions per slide. Several methods currently exist for patterning cells, including dielectrophoresis (27) , hydrostatic trapping (28) , and microwell cell traps (29) (30) (31) . Of these methods, only microwells capture cells passively, eliminating the need for external energy sources and introducing minimal external stress on cells. Current microwell material systems, however, including polydimethyl siloxane and polyethylene glycol are not compatible with DNA electrophoresis. We have developed a method that uses a microfabricated stamp to pattern microscopic wells directly into hydrated agarose (Fig. 1A) . The stamp consists of microposts (Fig. 1B) , which are photolithographically defined and can be varied in width and depth to optimally accommodate specific cell types (see Materials and Methods). Molten agarose sets around the posts, and the stamp is removed to form arrayed microwells in the agarose gel. Cells are then trapped in the wells using gravity. Captured cells are protected from rinsing shear so that excess cells are easily rinsed away, leaving the captured cells patterned into a defined array. Fig. 1C shows patterned cells that have been labeled with a fluorescent cytoplasmic stain. The resulting arrays typically show at least 90% filling.
By directly patterning the agarose gel, we have created a system that is fully compatible with the comet assay (Fig. 1D ). Fig. 1E shows that the morphology of the resulting comets is comparable to that seen in the traditional comet assay (8) . There is a well-defined head consisting of tightly wound and high molecular weight DNA. The head is followed by a comet tail, which consists of relaxed loops and fragments. This is further demonstrated in Fig. 1F , which shows microwell comets from varying doses of ionizing radiation (IR). Typical comet morphology is also seen in the dose response, with heads growing dimmer and tails growing longer and brighter with increasing dose.
One potential application of the microwell array is multiplexing cell types or conditions using colors or other labels. Cell multiplexing is demonstrated in Fig. 1C , where two groups of cells, one stained red and the other green, have been loaded simultaneously into the microwell arrays. Fluorescent images of the cells are taken before lysis, and the color information can be recorded for each cell position and correlated with the final comet output.
Automated Imaging and Analysis. Imaging traditional comets is both laborious and tedious. Complications include sparse comet distribution and unanalyzable cell clumps, as well as random debris, which require users to distinguish analyzable objects. Automated imaging systems do exist, but they are expensive and either require manual comet selection or machine learning algorithms, which can be biased in their training. Comet analysis requires accurately discerning the transition from comet head to comet tail, which demands complex image analysis that can produce erroneous results. The microwell arrays obviate these problems and provide a simple route to automated imaging and analysis. We use a standard fluorescence microscope with automated stage (see Materials and Methods) combined with a suite of custom analysis software (Fig. 2) , which utilizes simple algorithms to identify and analyze comets. Our software selects comets based on array registration, which eliminates problems with overlapping comets and debris. Further, because of the microwell fabrication method, all cells are located in a single focal plane, which eliminates the need for users to adjust the focus for each individual comet. Finally, the fixed head size, provided by the microwell geometry, simplifies the problem of identifying the head/tail transition, ensuring accurate determination of comet parameters (Fig. 2) . The result is the capability to fully automate imaging and analysis with no user intervention and with no special equipment or complex software.
Spatially Encoded Microwell Comet Assay. A major advantage of the micropatterned array is the ability to increase throughput by spatially encoding multiple dosing conditions on the same slide. As shown in Fig. 3A , using a moving shield to dynamically protect areas of the sample, different regions of the same comet slide can be treated with unique doses of IR, a key cancer therapeutic that has been well-characterized with the comet assay. To test the robustness of this platform for measuring DNA damage, we performed an IR dose response for human lymphoblast cells using either the traditional comet assay scored using commercial software or our spatially encoded microwell assay scored using our automated analysis tools. The results, shown in the assay, demonstrating the efficacy of our platform for DNA damage analysis. Additionally, all IR doses for the microwell comets were incorporated on the same microscope slide. Due to differences in experimental protocols (see Materials and Methods), we did not compare absolute levels of damage between the two assays. Additionally, the microwell size can be tuned to accommodate virtually any cell type. For example, using different microwell sizes and spatial encoding of 10 IR doses, human lymphoblasts, ovarian cancer cells, and primary hepatocytes were analyzed (Fig. 3C ). These data demonstrate efficacy for generating dose-response curves for multiple cell types.
Self-Calibrating Microwell Comets. In the traditional comet assay, single cell suspensions are required. The microwell overcomes this limitation by physically restraining the DNA following lysis, giving rise to a uniform and analyzable comet head. The uniform head size, combined with an analysis that is normalized to the total amount of DNA, makes the microwells self-calibrating. This feature means that any number of cells can be combined in a microwell and analyzed as a single comet, providing a unique method for assessing DNA damage in microscopic clusters of cells. Fig. 4A shows human lymphoblast cells captured in wells with a range of diameters. The smallest wells (19 μm diameter) typically capture single cells, whereas the largest wells (54 μm diameter) can capture >10 cells. Fig. 4B demonstrates that comets remain morphologically consistent over a range of IR damage and microwell diameters. The consistency with single cell comets is also reflected in the quantitative analysis (Fig. 4C) . Further, all IR doses and well sizes were combined on the same microscope slide, demonstrating a 20-fold higher throughput than the traditional comet assay. Absolute levels of DNA damage appear to decrease with increasing microwell size, which could be the result of incomplete DNA migration from the larger wells. Longer electrophoresis times or a stronger field could lead to more complete DNA migration.
Multiwell Comet Array. To measure DNA damage induced by different chemicals, or among different samples of cells, we created a multiwell version of our micropatterned comet array (Fig. 5A) . Fig. 5A illustrates the 24-well version of the assay, where the floor of each well is a patterned array of agarose microwells. Cells are loaded into the microwells and, once embedded in agarose, can be treated with chemical damaging agents, lysis solution, or repair media. After treatment, the multiwell structure can be removed, leaving only the cells embedded in agarose. The "comet plate" can then be carried through the standard comet assay protocol, enabling 24 or 96 samples to be run simultaneously. Importantly, this platform is fully compatible with our automated imaging and analysis tools.
There is significant interest in determining the extent of variation in DNA damage sensitivity and repair capacity between populations and individuals (24, 32) . Although it is extremely sensitive, the traditional comet assay is impractical for most large-scale studies. Our multiwell comet plate, however, allows all samples and repair times to be analyzed simultaneously. Further, by including all replicates and conditions in the same agarose slab, this platform reduces the noise introduced by slide-to-slide variation. When comparing between wells of a 96-well plate, we observe an 8.8% coefficient of variation (CV) in the population medians (Fig. S1) , which is less than the observed CV between slides in the traditional assay (25) . As a proof of concept, we used the 96-well platform to evaluate the repair capacity in response to IR of three B-lymphocyte lines (Coriell Research Institute) from individuals with different genetic backgrounds. The experiment is shown schematically in Fig. 5B . All three cell lines, nontreated controls, and three repair time points (0, 30, and 60 m) were performed on a single plate by lysing cells in wells adjacent to cells that were allowed to repair at 37°C. As shown in Fig. 5C , nearly all of the damage is repaired within 30 m of treatment with IR for all cell types. Additionally, it appears that no significant difference exists between the repair capacities of these cell lines for IR-induced damage. In contrast, these same cells were previously shown to have significantly different sensitivities to the methylating agent N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) (33) . Whereas the majority of IR-induced DNA damage is repaired by the BER pathway (4) (Fig. 6A) , the cytotoxicity of MNNG is largely due to O 6 -methylguanine, which is primarily repaired by direct reversal. Thus, these cells show different repair capacities for different repair pathways.
Small Molecule Inhibitors of Human AP Endonuclease. DNA damaging agents are the frontline treatment for most cancers, but cells have numerous DNA repair mechanisms, which can limit therapeutic efficacy or contribute to resistance (4). Inhibiting DNA repair has the potential to sensitize cancer cells to treatment and is now a common theme in cancer therapy research (4). The BER pathway (Fig. 6A ) has received particular interest because of its relevance to numerous types of cancer therapies, including IR and monofunctional alkylators (4) . Following removal of a damaged base by a monofunctional DNA glycosylase, the major human apurinic/apyramidinic (AP) endonuclease, APE1, is responsible for cleavage of AP sites prior to processing by downstream BER machinery (Fig. 6A) (34) . Inhibition of APE1 activity blocks the BER pathway and leads to accumulation of AP sites, which can be highly cytotoxic (35, 36) . From a clinical perspective, APE1 overexpression has been observed in numerous cancer types (37) . Additionally, reduced expression of APE1 using RNA interference has been shown to sensitize cells to treatment by numerous therapeutic agents (38) (39) (40) (41) . Small molecules that inhibit the AP endonuclease activity of APE1 could thus be extremely valuable in combination therapies for treating cancer.
Several small molecules have previously been identified as potential inhibitors of APE1's AP endonuclease activity (42, 43, 44) . Cytotoxicity of these molecules has been evaluated by clonogenic survival, which does not illuminate the mechanism by which the molecules are cytotoxic. The comet assay can directly reveal abasic sites that accumulate due to APE1 inhibition. As a proof of concept screen, we utilized the 96-well comet plate to test three potential small molecule inhibitors of APE1: 7-nitro-1H-indole-2-carboxylic acid (NCA) (42), myricetin (MYR), and 6-hydroxy-DL-DOPA (DOPA) (43) . Cells treated with either DOPA (Fig. 6B) or MYR (Fig. 6C) show a dose-dependent increase in DNA damage levels, presumably as a result of the accumulation of BER intermediates that is expected from the high levels of spontaneous BER [estimated at >10;000 BER events per day (10)]. All concentrations of these two molecules tested show a significant increase in damage over the controls. At 50 μm the damage induced by myricetin was so severe as to saturate the assay. Although there may be some direct damage resulting from these small molecules, the findings agree well with the observation of abasic site accumulation by Simeonov et al. (43) . In contrast, cells treated with the candidate molecule NCA (Fig. 6D) do not show greatly increased damage, as compared to control. Only the highest concentration (50 μM) shows a statistically significant (21%) increase in damage over the control, whereas DOPA and MYR induce a 48% and 50% increase in damage, respectively, at 10-fold lower concentrations. Interestingly, two studies have reported no effect on cell survival when using NCA with DNA damaging agents (43, 45) . Our results suggest that NCA may have some effect on cells, but both DOPA and MYR are far more potent. As potent inhibitors of APE1, these molecules could potentially be used in combination therapies to treat tumors more aggressively.
Discussion
We present a technique for measuring DNA damage that combines sensitivity, versatility, high throughput, and ease of use. This platform has potential to impact a broad range of applications in the laboratory and clinic. Having the capacity to handle dozens of conditions in parallel will shed light on how cells respond to multiple classes of DNA damaging agents, acted upon by a variety of DNA repair pathways and subpathways. With increased granularity in the human DNA repair landscape, it should become possible to reveal predictive biomarkers and prognostic indicators.
A major strength of the comet assay is its versatility. It has been used to study a variety of cell types and species from all three biological kingdoms (17) . The microwell arrays further increase the versatility of this assay by enabling unique capabilities, including cell multiplexing and analysis of cell aggregates. the same cell. This could be useful in several contexts, including antibody labeling of mixed populations or determining viability of cryopreserved primary samples on a single cell basis. The microwells also facilitate DNA damage analysis in small cell aggregates (Fig. 4) . Cell aggregates are common in research and the clinic, in the form of tissue samples, tumor spheroids or embryos, and embryonic stem cells. Maintaining cell-cell contact is often necessary to preserve important features of the sample, such as autocrine signaling and tight junctions that might influence cellular response to DNA damage. The microwell technique allows for DNA damage quantification in such samples, potentially without sacrificing important biological information. We present here the first demonstration of a platform in which multiple cell types, repair time points, DNA damaging agents, DNA repair enzymes or inhibitors, and other conditions can be assayed simultaneously and in combination. Unlike other high throughput comet assay implementations [ (23) and Trevigen], the multiwell platform is compatible with any cell type, whether cultured adherently or in suspension, and also incorporates significant improvements in imaging and analysis. Further, we provide the ability to assay repair kinetics on multiple cell types without introducing slide-to-slide variation, which could be critical for revealing subtle biological effects. The 8.8% CV observed between individual wells of a 96-well plate is less than the reported variation between individual comet slides using the traditional assay (25) , and this could potentially be reduced further by including internal controls (25) .
This platform has potential for both epidemiology and drug screening applications. Our findings on the repair kinetics of B-lymphocyte lines highlight the importance of measuring repair capacities through multiple pathways and by different agents, and they demonstrate the utility of a high throughput approach. For drug screening, the platform offers an integrated readout of multiple biological pathways. Specific subsets of DNA lesions can be detected by the application of DNA repair enzymes that convert otherwise undetectable damaged bases into detectable single strand breaks or AP sites. Modifications in the basic comet protocol provide increased specificity, thus enabling testing of therapeutics that damage DNA or that target DNA repair pathways. Additionally, the 96-well platform integrates with standard HTS techniques making it well-suited for drug development.
Conclusions
With the ability to measure acute DNA damage levels as well as repair kinetics, the comet assay is uniquely relevant to a variety of biological and clinical applications. The significant improvements afforded by this platform make the measurement of DNA damage easier and more readily applicable. Further, the approach is simple and scalable, offering a route to mass produce gels and distribute them in a manner similar to DNA and protein electrophoresis. This would bring critical information about DNA damage and repair to researchers and clinicians in a range of fields, and the use of this knowledge to facilitate disease prevention and treatment could be fully realized. Through the integration of traditional methods in biology and engineering, the platform described here represents a significant technological advance, providing high throughput, objective, and quantitative measurements that have the potential to become a new standard in DNA damage analysis.
Materials and Methods
Additional details in SI Text.
Cell Culture. TK6 human lymphoblasts; Human B-lymphocyte lines GM15268, GM15242, and GM15224 (Coriell Institute); and OVCAR-8 human ovarian cancer cells were cultured in 1X RPMI medium 1640 with L-glutamine supplemented with 10% horse serum, 15% FBS, and 10% FBS, respectively. Primary rat hepatocytes were isolated and cultured as described elsewhere (46) . Live cells in Fig. 1C were stained with CellTracker (Invitrogen).
Microwell Fabrication. The microwell molds were fabricated by lithographically patterning SU-8 photoresist (SU-8 2025, MicroChem). Molten 1% normal melting point agarose (Omnipur, Invitrogen) was applied to a sheet of GelBond film (Lonza) and the mold was allowed to float until the agarose set. The mold was removed, leaving microwells.
Microwell Comet Preparation. Cells were captured in microwells by gravity, and covered with low melting point agarose (Invitrogen). Traditional comet slides were prepared as previously described (8) . The multiwell version of the comet platform was prepared by sealing a microwell gel between a glass plate and a bottomless 24-or 96-well plate (Greiner BioOne) (Fig. 5A ).
Exposure to Ionizing Radiation. After encapsulation in agarose, cells were irradiated at room temperature using 250 kVp X-rays at 1 Gy∕m (Philips RT-250). After exposure cells were placed in lysis buffer. To evaluate repair kinetics, wells were synchronized during lysis after repairing in media for varying time intervals. Lysis at 37°C for 0 m and 30 m repair times used 0.1% sodium dodecyl sulfate in the lysis buffer. After the final repair time, all samples were placed into standard lysis solution at 4°C.
Potential APE1 Inhibitors. 7-Nitro-1H-indole-2-carboxylic acid (Gold Biotechnology) and Myricetin (Sigma-Aldrich) were dissolved in DMSO, and 6-Hydroxy-DL-DOPA was dissolved in 1 M HCl. Cells were loaded onto the 96-well comet plate and then incubated for 3 h in media with inhibitor. After treatment cells were placed in standard lysis solution at 4°C. Three replicate wells were pooled for each condition.
Comet Assay. The comet assay was performed using a modified version of the alkaline comet protocol as described by Singh et al. (6) .
Fluorescence Imaging and Comet Analysis. Slides were stained with SYBR Gold (Invitrogen). Images were captured automatically using an epifluorescent microscope and analyzed automatically using custom software written in MATLAB (The Mathworks). Traditional comet slides were scored manually using Komet 5.5 (Andor Technology). The lines GM15268, GM15242, and GM15224 were cultured in suspension in 1X RMPI 1640 with L-glutamine and supplemented with 15% FBS. Primary hepatocytes were isolated from 2-to 3-month-old adult female Lewis rats (Charles River Laboratories) weighing 180-200 g. Detailed procedures for hepatocyte isolation and purification have been described (1, 2) . Hepatocyte culture medium consisted of DMEM with high glucose, 10% (vol/vol) FBS, 0.5 units∕mL insulin, 7 ng∕mL glucagon, and 7.5 μg∕mL hydrocortisone. All cell culture media were supplemented with 100 units∕mL penicillin-streptomycin. Cytoplasmic staining of live cells in Briefly, SU-8 was spun to the desired thickness onto silicon wafers. Soft-baking the resist was followed by broadband UV exposure through a transparency mask, which included transparent circular features of the desired microwell diameter on a dark background. Postexposure bake and development in propylene glycol monomethyl ether acetate revealed the patterned SU-8 microposts. Micropost depth and width were varied from 20-50 μm to optimize well filling for various cell types. Microwells were cast from the molds as shown in Fig. 1A . Molten 1% normal melting point agarose (Omnipur Agarose, Invitrogen) was applied to a sheet of GelBond film (Lonza) and the mold was allowed to float on top until the agarose set. 1X PBS was added to assist in carefully removing the mold without tearing the microwells. Hydrated gels could be stored at 4°C for several weeks until ready for use.
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Comet Slide Preparation. As shown in Fig. 1A , cells were allowed to settle gravitationally into the microwells by incubating for 15 m in complete growth media. Afterward, the gel was gently rinsed twice with 1X PBS while holding the gel surface at a 15°angle. Most unwanted cells are washed away because they do not adhere readily to agarose, whereas cells trapped inside the wells are protected from the fluid shear (3, 4) . Finally, 1% low melting point (LMP) agarose (Ultrapure, Invitrogen) in 1X PBS was applied to the surface and allowed to gel at 4°C for 10 m to seal the cells within the microwells.
To prepare traditional comet slides, as described by Olive and Banath (5), a suspension of cells was prepared and mixed 1∶1 with 2% LMP agarose in 1X PBS at 37°C to make a final concentration of 50;000 cells∕mL in 1% LMP agarose. A total volume of 0.25 mL of cell-agarose suspension was applied to 3 cm × 4 cm GelBond slides on a 37°C slide warmer. Coverslips were applied to level the gels, while the cells were allowed to settle for 10 m. Finally, the slides were placed at 4°C for 10 m to allow the agarose to set, and the coverslips were removed.
Multiwell Comet Arrays. The multiwell version of the comet platform was prepared by sealing a microwell gel between a glass plate and a bottomless 24-or 96-well plate (Greiner BioOne) (Fig. 5A ). Cells were then loaded into each well as described above and sealed with 1% LMP agarose.
Exposure to Ionizing Radiation. Cells were exposed to IR after encapsulation in agarose for both traditional comet and microwell comet array assays. Cells were irradiated using 250 kVp X-rays at 1 Gy∕m (Philips RT-250). After exposure cells were placed in lysis buffer (10 mM Tris-HCl, 100 mM Na 2 EDTA, 2.5 M NaCl, 1% Triton X-100) at pH 10 and 4°C. To evaluate repair kinetics on a single multiwell comet plate, wells were synchronized during lysis after repairing in media for varying time intervals. This protocol required a 37°C lysis for 0 m and 30 m repair time points. For this we used a special lysis buffer formulation (50 mM Tris-HCl, 1 mM Na 2 EDTA, 20 mM NaCl, 0.1% sodium dodecyl sulfate (SDS) at pH 8.0). After the final repair time, all samples were placed into standard lysis solution with 1% Triton X-100 at 4°C.
Potential APE-1 Inhibitors. 7-Nitro-1H-indole-2-carboxylic acid was obtained as powder from Gold Biotechnology, and 10 mM stock was prepared in DMSO. Myricetin and 6-hydroxy-DL-DOPA were obtained as powder from Sigma-Aldrich and 10 mM stock solutions were prepared in DMSO and 1 M HCl, respectively. Aliquots of stocks were frozen at −20°C until ready for use. Cells were loaded onto the 96-well comet plate and then incubated for three hours with various inhibitor concentrations in complete growth media. Control cells were treated with 0.5% DMSO or 500 μM HCl in media. After treatment cells were placed in standard lysis solution at 4°C. Data was collected by pooling comets from three replicate wells for each condition.
Comet Assay. The comet assay was performed using a modified version of the alkaline comet protocol as described by Singh et al. (6) . After a minimum of 1 hr in lysis, comet slides were placed into an electrophoresis chamber and covered with alkaline unwinding buffer (0.3 M NaOH and 1 mM Na 2 EDTA) for 40 m, followed by 30 m electrophoresis at 1 V∕cm and a total current of 300 mA. The slides were then neutralized twice for 10 m in fresh buffer (0.4 M Tris-HCl at pH 7.5) and stored at 4°C until ready to be stained and analyzed.
Fluorescence Imaging and Comet Analysis. Slides were stained with SYBR Gold (Invitrogen) according to the manufacturer's instructions and imaged on a Nikon 80i upright microscope fitted with a scanning stage. For microwell comets, NIS-Elements software (Nikon Instruments) was used to automatically step the stage between frames and capture images. Images were then automatically analyzed using custom software designed in MATLAB (The Mathworks). As shown in Fig. 2 , this software automatically filters images for comets located on a rectangular grid. The software sums each comet image in the vertical direction to map the 2D image to a 1D profile. The upper 10% of the comet image is empty and is used to calculate the background level, which is subtracted from the comet line profile. The beginning and end of the comet are determined using user-definable thresholds. The head/tail division is readily identified as an inflection point in the line profile, immediately following the head. Once the beginning, end, and head/tail division are known, typical comet parameters are calculated using standard methods (5, 7) . Traditional comet slides were scored using a commercial comet analysis software package (Komet 5.5, Andor Technology). All DNA damage is reported as % Tail DNA, which is the ratio of fluorescence in the comet tail to the total comet fluorescence. 
